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METHOD OF CONTROLLING CRITICAL DIMENSION MICROLOADING OF 
PHOTORESIST TRIMMING PROCESS BY SELECTIVE SIDEWALL 

POLYMER DEPOSITION 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention generally relates to a process of trimming a 
photoresist mask on a semiconductor substrate. 

Description of the Related Art 

[0002] To increase operational speed, devices (e.g., transistors, capacitors, 
and the like) in integrated microelectronic circuits, the device features have 
become ever smaller. The minimal dimensions of features of such devices are 
commonly called in the art, critical dimensions, or CDs. The CDs generally 
include the minimal widths of the features, such as lines, columns, openings, 
spaces between the lines, and the like. 

[0003] One method of fabricating such features comprises forming a 
patterned mask (e.g., photoresist mask) on the material layer beneath such a 
mask (i.e., underlying layer) and then etching the material layer using the 
patterned mask as an etch mask. 

[0004] The patterned masks are conventionally fabricated using a 
lithographic process when a pattern of the feature to be formed is optically 
transferred into a layer of photoresist. Then, the photoresist is developed and 
unexposed portions of the photoresist are removed, while the remaining 
photoresist forms a patterned mask. 

[0005] An etch mask generally is, in a plan view, a replica of the feature to 
be formed (i.e., etched) in the underlying layer. As such, the etch mask 
comprises elements having same critical dimensions as the feature to be 
formed. Optical limitations of the lithographic process may not allow transferring 
a dimensionally accurate image of a feature into the photoresist layer when a 
CD of the element is smaller than optical resolution of the lithographic process. 

[0006] To overcome limitations of the lithographic process, the photoresist 



1 



PATENT 

APPM/7989/ETCH/SILICON/JB 
Express Mail No. EL980273124US 

mask may be fabricated using a two-step process. During a first step, the 
lithographic process is used to form the mask having elements with dimensions 
that are proportionally greater (i.e., "scaled up") than the dimensions of the 
features to be formed. During a second step, such "scaled-up" elements are 
trimmed (i.e., isotropically etched) to the pre-determined dimensions. The 
trimmed photoresist mask is then used as an etch mask during etching the 
underlying material layer or layers. 

[0007] One problem in trimming such a photoresist mask is the occurrence 
of critical dimension (CD) microloading, which is a measure of variation in 
critical dimensions between dense and isolated regions of the substrate after 
photoresist trimming. The dense regions have a high pattern density of the 
features and the isolated regions have a low pattern density of the features. 
Conventional photoresist trimming processes often result in significant CD 
trimming microloading with the isolated regions being trimmed at much faster 
rates than dense regions. 

[0008] Therefore, there is a need in the art for an improved method for 
controlling photoresist trimming process to reduce microloading effect during 
fabrication of semiconductor devices in a semiconductor substrate processing 
system. 

SUMMARY OF THE INVENTION 

[0009] The present invention is a method of trimming a photoresist mask on 
a substrate in a semiconductor substrate processing system. The method 
comprises the steps of placing a substrate with the photoresist mask in a 
chamber and trimming the photoresist using a plasma formed by process gases 
comprising a hydrocarbon gas, an oxygen gas (0 2 ) and an inert gas. In one 
embodiment, the hydrocarbon gas is halogenated. 

[0010] Embodiments of the invention provide a plasma etch process for 
trimming photoresist features on a semiconductor substrate to achieve reduced 
microloading and reduced trim rate. The method comprises placing a substrate 
with a patterned photoresist layer having at least one element with a first 
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prescribed width on the substrate in the processing system, supplying to the 
process chamber a process gas mixture comprising a halogenated hydrocarbon 
gas, an oxygen gas, and an inert gas, energizing the process gas mixture to 
etch the patterned photoresist layer, and terminating the etch process to leave 
the patterned photoresist layer with at least one element with a second 
prescribed width on the substrate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] The teachings of the present invention can be readily understood by 
considering the following detailed description in conjunction with the 
accompanying drawings, in which: 

[0012] Figure 1 is a diagram illustrating a cross-sectional view of a portion of 
a composite structure having a photoresist mask thereon prior to trimming. 

[0013] Figure 2 is a diagram illustrating a cross-sectional view of a portion of 
a composite structure having a dense region and an isolated region. 

[0014] Figure 3 is a diagram illustrating a cross-sectional view of a portion of 
a composite structure having a dense region and an isolated region with 
reactive (etching and passivating) species near both regions. 

[0015] Figure 4 depicts a schematic diagram of an exemplary integrated 
semiconductor substrate processing system of the kind used in performing 
portions of the inventive method. 

[0016] To facilitate understanding, identical reference numerals have been 
used, where possible, to designate identical elements that are common to the 
figures. 

[0017] It is to be noted, however, that the appended drawings illustrate only 
exemplary embodiments of this invention and are therefore not to be considered 
limiting of its scope, for the invention may admit to other equally effective 
embodiments. 
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DETAILED DESCRIPTION 

[0018] Figure 1 illustrates a cross-sectional view of a portion of a composite 
structure having a photoresist mask thereon prior to trimming. The composite 
structure comprises a substrate 100, upon which is a film stack 102, within 
which a structure, e.g., a gate, is to be formed thereon. The film stack 102 
generally comprises a gate electrode layer 106 and a gate dielectric layer 104. 
The gate electrode is patterned by a photoresist mask 112 (e.g. photoresist 
patterned mask), an optional film of an anti-reflective coating (ARC) 113 (shown 
only in Figure 1 with dashed lines), as well as a hard mask 114, underneath. 

[0019] The hard mask 114 is generally used as an etch mask for etching 
both the gate electrode layer 106 and the gate dielectric layer 104 and may 
comprise, for example, silicon dioxide (Si0 2 ), silicon oxynitride (SiON), 
amorphous carbon (i.e., a-carbon), Advanced Patterning Film™ (APF) 
(available from Applied Materials, Inc. of Santa Clara, California), and the like. 

[0020] In one exemplary embodiment, the gate electrode layer 106 is formed 
of doped polysilicon (Si) to a thickness of about 500 to 3000 Angstroms and the 
gate dielectric layer 104 is formed of a dielectric material such as silicon dioxide 
(Si0 2 ) to a thickness of about 10 to 60 Angstroms. Alternatively, the gate 
dielectric layer 104 may comprise silicon nitride, silicon oxynitride, or one or 
more high-K dielectric materials having a dielectric constant greater than 4.0, 
such as hafnium dioxide (Hf0 2 ), hafnium silicon dioxide (HfSi0 4 ), hafnium 
silicon oxynitride (HfSiO x N y ), barium strontium titanate (BaSrTi0 3 , or BST), lead 
zirconate titanate (Pb(ZrTi)0 3 , or PZT), and the like. It should be noted, 
however, that the film stack 102 may comprise layers formed of other materials, 
as well as layers having different thicknesses. 

[0021] The layers that comprise the film stack 102 may be formed using any 
conventional deposition technique, such as, atomic layer deposition (ALD), 
physical vapor deposition (PVD), chemical vapor deposition (CVD), plasma 
enhanced CVD (PECVD), and the like. Fabrication of the CMOS field effect 
transistor may be performed using the respective processing modules of 
CENTURA®, ENDURA®, and other semiconductor wafer processing systems 
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available from Applied Materials, Inc. of Santa Clara, California. 

[0022] The patterned mask 112 is generally a photoresist mask having a 
width 109. The photoresist mask 112 is generally formed using a lithographic 
process. Due to optical limitations of the lithographic process, the photoresist 
mask may comprise a scaled-up replica of the structure to be etched in the 
underlying layer or layers. As such, after the lithographic process, such 
photoresist mask 112 may optionally be trimmed to width 111 that is smaller 
than the width 109 of the lithographically patterned mask 112 before the mask is 
used as an etch mask. 

[0023] The trimming process is generally an isotropic etch process (e.g., 
isotropic plasma etch process) that is performed upon the photoresist mask 112 
to reduce the width 209 thereof. There are two well-known trimming processes. 
One involves HBr, 0 2 and Ar, while the other one involves, Cl 2 . 0 2 and an inert 
dilute gas, such as Ar. Details of these processes are described in U.S. Patent 
6,121,155, U.S. Patent 6,423,457, U.S. Patent 6,514,871, and U.S. Patent 
6,174,818. 

[0024] One common problem with these photoresist trimming processes is 
the occurrence of significant critical dimension (CD) microloading, which is a 
measure of the variation of critical dimensions between dense and isolated 
regions of the substrate after photoresist trimming. The CD microloading by the 
conventional photoresist trimming processes results from the isolated regions 
being trimmed at much faster rates than dense regions. This is likely caused by 
higher amount of etching species per photoresist surface area near the isolated 
region compared to the dense regions and also by lack of passivant species 
(such as polymer precursor and/or polymer) to be deposited on the feature 
(photoresist) surfaces to reduce the photoresist etch rate. Figure 2 shows that 
the total photoresist (PR) surface area (shown by darkened lines) in the dense 
region is larger than the total PR surface area (shown by darkened lines) in the 
isolated region. Since the amounts of etching species, generated from gas 
reactants, in both regions are the same, the amount of etching species per 
photoresist surface area is lower in the dense region, compared to the isolated 
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region, due to the difference in total PR surface area in these two regions. 

[0025] The photoresist surfaces in the dense regions receive fewer etching 
species per surface area compared to the surfaces in the isolated regions due 
to larger total surface areas. The difference in reactant per surface area 
between these two regions increases as pattern density difference increases. 
Although HBr in one of the conventional photoresist trimming processes is 
supposed to cause polymer passivation (or redeposition) to achieve self-limiting 
photoresist trimming, the degree of polymer passivation is not sufficient to 
counter CD microloading effect. Due to the combination of large difference in 
etching reactant concentration between the dense and isolated region and 
insufficient passivation control, the percentage of CD microloading between the 
dense region and the isolated region could be as much as 40%. 
Conventionally, the percentage of CD microloading is defined by dividing the 
difference between the amount trimmed in the isolated region and the amount 
trimmed in the dense region to the averaged trimmed amount of these two 
regions and then multiplying the result by 100%. 

[0026] The invention described a photoresist trimming process that involves 
a hydrocarbon gas that is non-halogenated (C x H y ), such as CH 4 , C 2 H 6 , and the 
like, and/or a halogenated hydrocarbon gas, such as CHF 3 , CH 2 F 2 , CH 3 F, 
C 2 H 2 F 4 , CHBr 3l and the like. The halogenated hydrocarbon gas, such as CHF 3 , 
is believed to be disassociated in the plasma to CF 2 , CF 3 and CHF, which act 
as polymer precursors to form a polymer layer on the sidewall. The non- 
halogenated hydrocarbon gas, such as CH 4 , is believed to be disassociated in 
the plasma to form CH, CH 2 and CH 3 , which also act as polymer precursors to 
form a polymer on the sidewall of the photoresist mask. For convenience of 
describing the invention, CHF 3 will be used as an example hereon. In addition 
to the polymer precursor generating gas, the photoresist trimming process also 
involves oxygen (0 2 ) and an inert gas, such as, argon (Ar). The oxygen gas is 
used to provide etching species, while the inert gas is used to maintain plasma 
and to dilute the reactive gas mixture. The pressure of the trimming process is 
between 2 to 50 mTorr. The source power is between 200 to 1 500 watts. The 
bias power is between 0 (optional) to 400 watts. The CHF 3 flow rate is between 
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20 to 400 seem. The oxygen flow rate is between 5 to 100 seem and the inert 
gas, such as argon, flow rate is between 20 to 400 seem. The trimming process 
may be performed using a plasma etch reactor, e.g., a Decoupled Plasma 
Source (DPS) II module of the CENTURA® system. 

[0027] The polymer precursors generated from CHF 3 are better at forming 
polymer passivant than HBr. Figure 3 illustrates a cross-sectional view of a 
portion of a composite structure having a dense region and an isolated region 
with reactive species (r) which includes etching species, such as oxygen- 
containing radical, and polymer precursors, generated from CHF 3 , near both 
regions. The relative amount of etching species and polymer precursors can be 
tuned by adjusting the gas flow rates and process conditions. The photoresist 
surfaces in the dense region receives fewer etching species and polymer 
precursor per surface area compared to the surface in the isolated region due to 
larger total surface area. The difference in etching species and polymer 
precursor per surface area between these two regions increases as pattern 
density difference increases. The etch reactant etches the photoresist, while 
the polymer precursor generates a polymer that protects photoresist from being 
etched. Since these two species have opposite effects on photoresist removal, 
the CD microloading effect due to pattern density difference can be eliminated. 
With CHF 3 to 0 2 ratio adjustment, the microloading effect can even be reversed, 
which means that the post-trimmed CD of the dense region can be even larger 
than the isolated area. 

[0028] One example is a photoresist trimming conducted under 4 mTorr, 500 
watts source power, 0 bias power, 120 seem CHF 3 , 120 seem Ar, and 25 seem 
0 2 for 50 seconds. The results are shown in Table 1 . The CD microloading is 
reduced from 21 .5% with the conventional HBr/0 2 /Ar process to 3.6% by this 
new CHFs/CVAr process. The HBr/0 2 /Ar process is conducted under 4 mTorr, 



7 



PATENT 

APPM/7989/ETCH/SILICON/JB 
Express Mail No. EL980273124US 

500 watts source power, 0 watt bias power, 80 seem HBr, 25 seem 0 2 and 20 
seem Ar. 



Trim amount 


Dense (nm) 


Isolated (nm) 


Microloading 
(nm) 


Microloading 
(%) 


HBr/0 2 /Ar 
process 


34.49 


42.80 


8.31 


21.5 


CHFa/CVAr 
process 


16.70 


17.31 


0.61 


3.6 



Table 1 Microloading results of using the proposed chemistry. 



[0029] The proposed chemistry has another advantage of lower trimming 
rate. A typical HBr/0 2 /Ar trim process has a trim rate of about 1 to 2 
nm/second. While using CHF^/Ar chemistry, the trim rate can be as low as 
0.3 nm/second and post-trim photoresist profile is good. Low trim rate allows 
more accurate process time and better CD control. 

[0030] The inventive process can be applied to all photoresist used in wafer 
patterning. An example is a DUV resist, Apex-E®, made by Shipley, located in 
Marlborough, Massachusetts. 

[0031] The DPS II module (discussed with reference to FIG. 4 below) uses a 
power source (i.e., an inductively coupled antenna) to produce a high density 
inductively coupled plasma. To determine the endpoint of the etch process, the 
DPS II module may also include an endpoint detection system that monitors 
plasma emissions at a particular wavelength, controls the process time, or 
performs laser interferometery, and the like. 

[0032] FIG. 4 depicts a schematic diagram of the exemplary Decoupled 
Plasma Source (DPS) etch reactor 400 that may be used to practice portions of 
the invention. The DPS II reactor is generally used as a processing module of 
the CENTURA® processing system available from Applied Materials, Inc. of 
Santa Clara, California. 
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[0033] The reactor 400 comprises a process chamber 410 having a wafer 
support pedestal 416 within a conductive body (wall) 430, and a controller 440. 
The chamber 410 is supplied with a substantially flat dielectric ceiling 420. 
Other modifications of the chamber 410 may have other types of ceilings, e.g., a 
dome-shaped ceiling. Above the ceiling 420 is disposed an antenna comprising 
at least one inductive coil element 412 (two co-axial elements 412 are shown). 
The inductive coil element 412 is coupled, through a first matching network 419, 
to a plasma power source 418. The plasma source 418 typically is capable of 
producing up to 3000 W at a tunable frequency in a range from 50 kHz to 13.56 
MHz. 

[0034] The support pedestal (cathode) 416 is coupled, through a second 
matching network 424, to a biasing power source 422. The biasing power 
source 422 generally is capable of producing up to 10 kW at a frequency of 
approximately 13.56 MHz. The biasing power may be either continuous or 
pulsed power. In other embodiments, the biasing power source 422 may be a 
DC or pulsed DC source. 

[0035] A controller 440 comprises a central processing unit (CPU) 444, a 
memory 442, and support circuits 446 for the CPU 444 and facilitates control of 
the components of the chamber 410 and, as such, of the etch process, as 
discussed. 

[0036] In operation, a semiconductor wafer 414 is placed on the pedestal 
416 and process gases are supplied from a gas panel 438 through entry ports 
426 to form a gaseous mixture 450. The gaseous mixture 450 is ignited into a 
plasma 455 in the chamber 410 by applying power from the plasma source 418 
and biasing source power 422 to the inductive coil element 412 and the cathode 
416, respectively. The pressure within the interior of the chamber 410 is 
controlled using a throttle valve 427 and a vacuum pump 436. Typically, the 
chamber wall 430 is coupled to an electrical ground 434. The temperature of the 
wall 430 is controlled using liquid-containing conduits (not shown) that run 
through the wall 430. 
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[0037] The temperature of the wafer 414 is controlled by stabilizing a 
temperature of the support pedestal 416. In one embodiment, helium gas from a 
gas source 448 is provided via a gas conduit 449 to channels (not shown) 
formed in the pedestal surface under the wafer 414. The helium gas is used to 
facilitate heat transfer between the pedestal 416 and the wafer 414. During 
processing, the pedestal 416 may be heated by a resistive heater (not shown) 
within the pedestal to a steady state temperature and then the helium gas 
facilitates uniform heating of the wafer 414. Using such thermal control, the 
wafer 414 is maintained at a temperature between about 20 to 350 degrees 
Celsius. 

[0038] Those skilled in the art will understand that other etch chambers may 
be used to practice the invention, including chambers with remote plasma 
sources, electron cyclotron resonance (ECR) plasma chambers, and the like. 

[0039] To facilitate control of the process chamber 410 as described above, 
the controller 440 may be one of any form of general-purpose computer 
processor that can be used in an industrial setting for controlling various 
chambers and sub-processors. The memory 442, or computer-readable 
medium, of the CPU 444 may be one or more of readily available memory such 
as random access memory (RAM), read only memory (ROM), floppy disk, hard 
disk, or any other form of digital storage, local or remote. The support circuits 
346 are coupled to the CPU 444 for supporting the processor in a conventional 
manner. These circuits include cache, power supplies, clock circuits, 
input/output circuitry and subsystems, and the like. The inventive method is 
generally stored in the memory 442 as a software routine. The software routine 
may also be stored and/or executed by a second CPU (not shown) that is 
remotely located from the hardware being controlled by the CPU 444. 

[0040] An example of an etch system that is integrated with an ex-situ 
metrology tool with the capability of measuring CDs and film thickness is 
Applied Materials' Transforma system 500 (Figure 5). Detailed information 
describing Applied Materials' Transforma system has been disclosed in a 
commonly assigned U.S. patent application ser. No. 10/428,145, titled "Method 
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and Apparatus for Controlling Etch Processes During Fabrication of 
Semiconductor Devices", filed on May 1, 2003. The system comprises a 
chamber or "mainframe" 501, such as the Centura™ processing system for 
mounting a plurality of processing chambers, e.g., conventional etch reactors 

502, such as DPSII™ silicon etch chambers and one or more transfer chambers 

503, also called "load locks". In one embodiment of the present invention, four 
etch reactors 502 are mounted to the mainframe 501. In one exemplary 
embodiment, three etchers 502 are used for etching and one is optionally used 
for post-etch cleaning (i.e. removing photoresist polymers and other residue 
from wafers after etching). A robot 504 is provided within the mainframe 501 for 
transferring wafers between the processing reactors 502 and the transfer 
chambers 503. The transfer chambers 503 are connected to a factory interface 
505, also known as a "mini environment", which maintains a controlled 
environment. A metrology (or measurement) tool 506 could be integrated in the 
load lock area 505 and with high-speed data collection and analysis capabilities, 
every wafer that enters the system 500 can be measured for thickness before 
and after etch processing. The metrology tool 506 could also be placed at 
different location within the process system 500. One or more of the process 
chambers 502 could also be deposition chambers, since the concept of the 
invention also applies to deposition process. 

[0041] The invention may be practiced for trimming photoresist used as etch 
mask for other types of features, such as metal lines. The invention may also 
be practiced using other semiconductor wafer processing systems wherein the 
processing parameters may be adjusted to achieve acceptable characteristics 
by those skilled in the arts by utilizing the teachings disclosed herein without 
departing from the spirit of the invention. Although the forgoing discussion 
referred to trimming the patterned masks used during etch processes, other 
processes used for fabricating the integrated circuits can benefit from the 
invention. 
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